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Among environmental factors, temperature is the one that poses serious threats to
viticulture in the present and future scenarios of global climate change. In this work,
we evaluated the effects on berry ripening of two thermal regimes, imposed from
veraison to harvest. Potted vines were grown in two air-conditioned greenhouses with
High Temperature (HT) and Low Temperature (LT) regimes characterized by 26 and
21◦C as average and 42 and 35◦C as maximum air daily temperature, respectively. We
conducted analyses of the main berry compositional parameters, berry skin flavonoids
and berry skin transcriptome on HT and LT berries sampled during ripening. The
two thermal conditions strongly differentiated the berries. HT regime increased sugar
accumulation at the beginning of ripening, but not at harvest, when HT treatment
contributed to a slight total acidity reduction and pH increase. Conversely, growing
temperatures greatly impacted on anthocyanin and flavonol concentrations, which
resulted as strongly reduced, while no effects were found on skin tannins accumulation.
Berry transcriptome was analyzed with several approaches in order to identify genes
with different expression profile in berries ripened under HT or LT conditions. The
analysis of whole transcriptome showed that the main differences emerging from this
approach appeared to be more due to a shift in the ripening process, rather than
to a strong rearrangement at transcriptional level, revealing that the LT temperature
regime could delay berry ripening, at least in the early stages. Moreover, the results
of the in-depth screening of genes differentially expressed in HT and LT did not highlight
differences in the expression of transcripts involved in the biosynthesis of flavonoids
(with the exception of PAL and STS) despite the enzymatic activities of PALs and
UFGT being significantly higher in LT than HT. This suggests only a partial correlation
between molecular and biochemical data in our conditions and the putative existence
of post-transcriptional and post-translational mechanisms playing significant roles in the
regulation of flavonoid metabolic pathways and in particular of anthocyanins.
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INTRODUCTION
Agriculture, and in particular viticulture, is highly dependent
upon climatic conditions during the growing season. The
predicted climate change therefore presents a major challenge for
wine production. Although Vitis vinifera shows large variations
in terms of tolerance to abiotic summer stresses, i.e., high
temperature (HT) and radiation and low water availability
(Palliotti and Poni, 2016), the effects of a temperature increase
on berry composition have been widely studied, in terms of
both extreme heatwaves or mild-to-moderate increase during
ripening. Since berry temperature and solar radiation often
act synergistically and sun exposure of grape bunches can be
modified by viticulture practices, several researches have focused
on the effect of both parameters simultaneously (Bergqvist et al.,
2001; Spayd et al., 2002; Downey et al., 2004; Cortell and
Kennedy, 2006; Tarara et al., 2008; Azuma et al., 2012; Movahed
et al., 2016) and only a few computed the precise role of
temperature in these multi-factor studies (Mori et al., 2005, 2007;
Yamane et al., 2006; Cohen et al., 2012; Sadras et al., 2013a,b;
Rienth et al., 2016).
High sugar concentration at harvest is often associated with
thermal increase, as indicated by the trend observed in the
last decades (Petrie and Sadras, 2008; Mira de Orduña, 2010;
Sadras and Petrie, 2011). However, several experiments showed
that sugar accumulation is not or only slightly affected (Spayd
et al., 2002; Mori et al., 2005; Mori et al., 2007; Sadras and
Denison, 2009; Movahed et al., 2016), or sometimes even reduced
(Greer and Weston, 2010; Greer et al., 2010; Carbonell-Bejerano
et al., 2014; Rienth et al., 2016) by air temperature increase. The
different results can probably be ascribed to variation in diurnal
temperature levels, since temperatures over 30◦C may lead to the
stopping of soluble solids transport from leaves to berry, but may
sometimes indirectly cause a higher concentration by evaporative
loss (Keller, 2010).
Temperature has been known for some time to have
significant effects on berry acidity, accelerating the breakdown
of malic acid (Rienth et al., 2016) and decreasing the
titratable acidity the greater the heat summation (Tarara et al.,
2008). Intriguingly, other studies suggested a cultivar-dependent
thermal response of acidity and pH (Bergqvist et al., 2001; Sadras
et al., 2013a,b; Movahed et al., 2016).
Of particular interest are the effects of temperature on
the phenylpropanoid biosynthetic pathway, involved in the
biosynthesis of flavonoids (anthocyanins, flavonols, and tannins)
that play a crucial role in grape and wine composition
with regards to color, bitterness and stability, and also in
the biosynthesis of non-flavonoid compounds (i.e., stilbenes).
A negative correlation between elevated temperature during the
day (over 30◦C) and anthocyanin concentrations has recently
been explored (Mori et al., 2007; Carbonell-Bejerano et al., 2013;
Movahed et al., 2016). Some authors pointed out the effect
of increasing temperatures on the reduction of the enzymatic
activity of some key enzymes involved in flavonoid biosynthesis
as phenylalanine ammonia-lyase (PAL), which presides the
first step of general phenylpropanoid biosynthesis, and UDP-
glucose:flavonoid 3-O-glucosyltransferase (UFGT), which is
involved in the last and specific step of anthocyanin biosynthesis
(Mori et al., 2007; Movahed et al., 2016).
Flavonols are known to behave as UV-protectants and to play a
role in co-pigmentation with anthocyanins. Flavonols in the berry
can be affected by sunlight exposure, which usually promotes
strong enhancement in concentrations and in the expression of
flavonol biosynthesis-related genes (Spayd et al., 2002; Downey
et al., 2004; Czemmel et al., 2009). On the contrary, temperature
seems to have less effect than light in flavonol synthesis control
and under thermal increase flavonols can be unaffected (Tarara
et al., 2008) or slightly reduced (Azuma et al., 2012). Temperature
appears to have little impact on tannins (Cohen et al., 2012)
whose accumulation in skins and seeds occurs predominantly
before veraison (Downey et al., 2004).
Grapevine transcriptomic analysis has provided a wealth of
data concerning the mechanisms responsible for the temperature
effects on berry composition, especially on sugars, acidity and
anthocyanin concentrations (Carbonell-Bejerano et al., 2013;
Pastore et al., 2013; Rienth et al., 2014, 2016; Lecourieux et al.,
2017). Several authors reported that the loss of anthocyanin
synthesis following HT is due to the reduced expression of
anthocyanin biosynthetic genes (Yamane et al., 2006; Azuma
et al., 2012; Lecourieux et al., 2017). Sometimes, however,
despite a sharp reduction in terms of anthocyanin concentration,
a concomitant reduction in anthocyanin biosynthetic genes
expression was not found, as reported for Muscat Hamburg
berries on fruiting cuttings (Carbonell-Bejerano et al., 2013)
and in Cabernet Sauvignon and Sangiovese vines grown under
increasing temperature (Mori et al., 2007; Movahed et al., 2016).
In these cases, also an involvement of anthocyanin degradation,
implying the action of peroxidases should be hypothesized (Mori
et al., 2007; Movahed et al., 2016) as it was previously seen in
other plant species, as Brunfelsia flower petals (Vaknin et al.,
2005), litchi (Zhang et al., 2005), and strawberry fruits (Chisari
et al., 2007).
Despite recent progress, the direct and indirect effects of
temperature on the grape ripening process, and specifically on
flavonoid composition, are far from being completely unraveled.
In particular, there is growing interest in charting the impact of
temperature in specific viticultural areas and different seasons on
flavonoid composition. Here, we analyzed the grapevine cultivar
Sangiovese, the most cultivated Italian variety, comparing the
effects of two thermal regimes on the berry skin biochemical
composition, flavonoid-related enzymatic activity, and whole
transcriptome during ripening.
MATERIALS AND METHODS
Grapevine Plant Material and Growing
Conditions
Experiments on grapevine berries were conducted in 2012 on
6-year-old uniformly potted plants (V. vinifera cv. Sangiovese).
The vines, grafted on SO4 rootstocks, were grown in 30-liter pots
containing a 1:1 mixture of sand and soil (27% sand, 46% silt and
27% clay, clay loam soil). The number of shoots was standardized
to nine per vine. In addition, to achieve a uniform leaf area on all
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the vines, the tip of each shoot was removed and 15 main leaves
were maintained before the experiment started. At the beginning
of bunch closure [BBCH 77, (Lorenz et al., 1995)], 10 vines were
selected and bunch numbers were adjusted to 11–12 per vine.
The vines were assigned to two treatments: low temperature
(LT) and HT. Five LT vines were placed from 1 week before
veraison to harvest in a plastic greenhouse (20 m3) where the
air temperature was controlled by a cooler and a fan was used
to homogenize environmental conditions in the greenhouse
(Supplementary Figure 1). During the night, the tunnel was
opened.
Five HT vines were placed in an identical plastic greenhouse,
without fan, whose basal segment was open but all the canopies
were covered to maintain similar illumination to the LT vines.
The average, maximum and minimum air temperatures were
recorded using air temperature sensors (TL20, 3M, Milan, Italy)
in both greenhouses during the ripening period (Table 1).
Both greenhouses were made of polyethylene film (MOP,
Bologna, Italy) that did not alter the spectral composition of light.
The incident light during the day, which outside ranged from 500
to 2000 µmol·m2·s−1, was reduced by the polyethylene film up to
12% within the visible range. The humidity recorded during the
experiment was comparable between LT and HT greenhouses.
All vines were automatically watered daily and were well
supplied with nutrients.
Berry Temperature Monitoring
Berry temperature was monitored in 10 bunches from each
treatment using 10 T-type thermocouples (RS component,
Milan, Italy) positioned in the sub-cuticular tissues of the
berry skin. Each probe was then connected to a CR10X
data logger (Campbell Scientific Ltd, Leicestershire, United
Kingdom), registering temperature data every 20 min during the
development period.
Berries Sampling
Berries were sampled before the treatment (T0, 1 week before
veraison), at veraison (T1) and 10 (T2), 20 (T3), 32 (T4), and 45
(T5) days after veraison, corresponding to harvest. The berries
were collected at the same time of day (9–10 am). At T0 five
berries from each of the ten vines were sampled and pooled and
this procedure was repeated 4 times to create four independent
biological replicates of 50 berries each. Upon thermal treatment
imposition, nine berries were randomly selected from each of
the five treated vines and pooled. The same sampling procedure
was repeated four times to create four independent pools of 45
TABLE 1 | Air temperature measurements.
Treatment Average air
temperature (◦C)
Maximum air
temperature (◦C)
Minimum air
temperature (◦C)
HT 26.4 41.7 11.8
LT 21.3 35.0 10.1
Average, maximum, and minimum air temperature recorded during the experiment
under the two different growing regimes. LT = low temperature, HT = high
temperature.
berries per each sampling date/treatment combination. In total,
the experiment entailed the collection and the analysis of 44 berry
samples [4 control samples + (2 thermal regimes × 5 stages × 4
biological replicates)].
From each biological replicate about 20 berries were weighed
and directly tested for the evaluation of soluble solids (◦Brix),
titratable acidity and pH. The remaining berries were peeled and
the skins were immediately frozen in liquid nitrogen and stored
at−80◦C for subsequent metabolic analyses, enzyme activity and
expression analysis.
Soluble Solids, Titratable Acidity, and pH
Measurements
The sampled berries were crushed and the must was sieved and
used for soluble solids analysis with a temperature-compensating
CR50 refractometer (Maselli Misure Spa, Parma, Italy). We then
diluted 5 ml of the same must seven times with bi-distilled water
for titration using a Crison Compact Titrator (Crison, Barcelona,
Spain) with 1 N, 0.5 N or 0.25 N NaOH (Sigma-Aldrich, St. Louis,
MO, United States), according to the stage of berry ripening
to obtain pH and titratable acidity data (expressed as g L−1 of
tartaric acid equivalents).
Analysis of Grape Berry Anthocyanins
and Flavonols
Total anthocyanins and flavonols were analyzed in all 44
samples by soaking 2–3 grams of peeled skins, depending on
the berry phenological stage, per each sampling date/treatment
combination in 50 mL methanol for 24 h (Mattivi et al., 2006),
then storing the extracts at−20◦C.
To analyze the total concentrations of each flavonol aglycone,
an aliquote of 5 ml of methanolic extract was completely dried
under vacuum. To achieved the acid hydrolization of flavonol
glucosides, the pellet was resuspended in 2.5 ml of methanol and
2.5 ml of 2M trifluoroacetic acid (Sigma–Aldric, Saint Louis, MO,
United States) in milliQ water. The reaction was conducted at
100◦C in a boiling hot water bath, with a condenser, for 2 h. The
reactions product was then completely dried under vacuum and
the pellet obtained resuspended in 1 ml of methanol until HPLC
analyses (Mattivi et al., 2006).
HPLC separation and quantifications of anthocyanins and
flavonols (Mattivi et al., 2006) were performed on a Waters 1525
HPLC (Waters, Milford, MA, United States) equipped with a
diode array detector (DAD) and a Phenomenex (Castel Maggiore,
Bologna, Italy) reversed-phase column (RP18, 250 mm × 4 mm,
5µM). Anthocyanins were quantified at 520 nm using an external
calibration curve with malvidin-3-glucoside chloride as the
standard (Sigma-Aldrich). Flavonols were quantified at 370 nm
with the corresponding external standards (myricetin, quercetin,
and kaempferol) purchased from Extrasynthese (Genay, France).
Analysis of Skin Berry Tannins
Skin tannins extraction was performed following the procedure
proposed by Downey et al. (2003): About 100 mg of skins per
each sampling date/treatment combination were ground to a
fine powder separately, extracted with a solution containing 70%
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acetone for 24 h in dark room and measured by HPLC using
the same equipment used for anthocyanins analysis. After free
monomers were removed, the tannin content was determined by
acid-catalyzed cleavage in the presence of excess phloroglucinol
as described by Kennedy and Jones (2001). Individual reversed-
phase HPLC separations were used to determine the abundance
of free monomers and cleaved proanthocyanidins by measuring
absorbance at 280 nm (Downey et al., 2003). The concentrations
of free monomers and hydrolyzed terminal subunits were
determined from standard curves prepared with commercial
standards of catechin, epicatechin, epicatechin-gallate and
epigallocatechin (Extrasynthese, France).
Enzymatic Activity Assays
Berry skins (0.2 gr) were ground with a mortar and pestle in liquid
nitrogen to a fine powder. For PAL and UFGT activity assays,
the protein extraction was performed according to the methods
of Mori et al. (2005, 2007), respectively. Peroxidase activity
was instead measured on berry skin after protein extractions as
described by Ushimaru et al. (1997).
For PAL activity measurement, the reaction mixture consisted
of 0.5 ml of phenylalanine and 0.5 ml of protein extract. The
assay mixture was incubated at 37◦C for 60 min. The reaction
was terminated by adding 0.5 ml of HCl acid (18%). The quantity
of the product, trans-cinnamic acid, was calculated using its
extinction coefficient of 9630 M−1 cm−1 at 290 nm. One unit (U)
of PAL activity, expressed on berry skin fresh weight, was defined
as the production of 1 mol of trans-cinnamic acid per minute.
The UFGT assay was performed on the protein extract using
either cyanidin or delphinidin as substrate in 200 mM Tris-HCl
(pH 7.5), containing 0.1 mM cyanidin or delphinidin and 10 mM
UDP-glucose. After incubation for 5 min at 37◦C, the reaction
was stopped by adding 150 µl 5% HCl. The concentration of
cyanidin-3-glucoside and delphinidin-3-glucoside was calculated
at 520 nm and pH 1, using extinction coefficients of 26,900
M−1 cm−1 and 26,000 M−1 cm−1, respectively. One unit (U)
of UFGT activity, expressed on berry skin fresh weight, was
defined as the production of 1 mol of cyanidin-3-glucoside or
delphinidin-3-glucoside per second.
Guaiacol peroxidase activity was determined in the ripening
berry skin as described by Ushimaru et al. (1997), using pyrogallol
as the electron donor. The reaction mixture comprised the
protein extract in 50 mM sodium phosphate buffer (pH 7.0),
0.1 mM H2O2 and 50 mM pyrogallol (H2O2 and pyrogallol were
freshly prepared just before use). The absorbance at 430 nm was
recorded immediately after the addition of pyrogallol and after
7 min at room temperature, and was compared to a blank with
no protein extract added. One unit (U) of peroxidase activity,
expressed on berry skin fresh weight, was defined as the amount
of enzyme that catalyzes the oxidation of 1 µmol of pyrogallol per
minute.
Statistical Analyses
The experiment had a completely randomized design and the
agronomic parameters and biochemical data were submitted to
analysis of variance (ANOVA) using SAS statistical software (SAS
Institute, Cary, NC, United States) with four replications for
each treatment. The temperature data were analyzed with 10
replications for each treatment.
RNA Extraction and Microarray Analyses
Total RNA was isolated from approximately 400 mg of pulverized
berry skins from three biological replicates sampled at all dates
except harvest, for a total of 27 berry samples [3 control samples
+ (2 thermal regimes × 4 stages × 3 biological replicates)],
using the Spectrum Plant Total RNA kit (Sigma–Aldrich), with
modifications as described in Dal Santo et al. (2016). RNA
quality and quantity were determined using a Nanodrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, United
States) and a Bioanalyzer Chip RNA 7500 series II (Agilent, Santa
Clara, CA, United States). We hybridized 5 µg of total RNA
per sample to a NimbleGen microarray 090818_Vitus_exp_HX12
chip (Roche, NimbleGen Inc., Madison, WI, United States),
according to the manufacturer’s instructions (Dal Santo et al.,
2013). Statistical analysis of the microarray data was conducted
using TMeV v4.81. Statistical analysis of microarrays (SAM)
was performed with a false discovery rate (FDR) of 0.1% and
ANOVA using α = 0.05 and standard Bonferroni correction.
Heat maps were created using log2-transformed expression
values and then median-centered by transcript. Cluster analysis
was performed by the k-means method (KMC) with Pearson’s
correlation distance. Principal component analysis (PCA) was
conducted using SIMCA P+ v13 (Umetrics, United States). Gene
Ontology (GO) annotation was applied using the BiNGO v2.3
plug-in tool in Cytoscape v2.6 with PlantGOslim categories, as
described by Maere et al. (2005). Overrepresented PlantGOslim
categories were identified using a hypergeometric test with
a significance threshold of 0.05. STEM v1.3.8 was used for
clustering, comparing and visualizing gene expression data (Ernst
et al., 2005).
Reverse Transcription (RT) and Real
Time qPCR
One microgram of extracted RNA was treated with 2 units (U) of
Turbo DNase (TURBO DNA-free kit—Ambion) according to the
instructions provided with the commercial kit. DNase- treated
RNA was then used for cDNA synthesis using the SuperScriptIII
Reverse Transcriptase kit (Invitrogen) following the producer’s
indications. In order to assess if the cDNA had been properly
produced, an amplification with primers designed on the 3′UTR
of an actin coding gene (VIT_12s0178g0020, (Pastore et al.,
2011) was performed. Real Time qPCR was performed using
GoTaq R© GreenMaster Mix kit (Promega) to amplify a specific
region of target genes (UFGT, VvUFGT – VIT_16s0039g02230;
PAL – VIT_00s2849g00010 and the peroxidase VvPrx31 –
VIT_14s0066g01850) with previously described primer pairs
(Movahed et al., 2016). Primers and cDNA were mixed with
the Power SYBR R© Green PCR Master Mix (Applied Biosystems,
Foster City, CA, United States) and the reaction was carried out
on an ABI PRISM StepOne Sequence Detection System (Applied
Biosystems, Foster City, CA, United States) using the following
cycling conditions: 95◦C hold for 10 min followed by 45 cycles
1mev.tm4.org/
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at 95◦C for 30 s, 55◦C for 30 s and 72◦C for 20 s. 95◦C hold
for 2 min followed by 40 cycles at 95◦C for 15 s, 55◦C for 30 s,
60◦C for 30 s, and 95◦C for 15 s. Non-specific PCR products were
identified by the dissociation curves. Amplification efficiency was
calculated from raw data using LingReg PCR software (Ramakers
et al., 2003). The mean normalized expression (MNE)-value was
calculated for each sample referred to the ubiquitin expression
according to the Simon equation (Simon, 2003). Standard error
(SE) values were calculated according to Pfaﬄ et al. (2002).
Accession Numbers
Grape berry microarray expression data are available in the Gene
Expression Omnibus under the series entry GSE928642.
RESULTS
Two Different Thermal Regimes
Differently Affect Ripening Parameters
We set up an experimental design to impose two different thermal
regimes in potted grapevine plants over the course of grape
ripening. Five vines were placed in a plastic greenhouse where
the air temperature was artificially cooled whereas other five
vines were placed in an identical plastic greenhouse with only
the basal segment open. These two conditions were named LT
and HT, respectively, with HT representing the closest condition
to the 2012 thermal regime. HT and LT berry temperature
were strongly differentiated in the two greenhouses (Table 2
and Figure 1). Indeed, the average berry temperature during
the treatment period was ∼21.8◦C in the LT greenhouse and
26.5◦C in the HT greenhouse (Table 2 and Figure 1A). Maximum
temperatures were higher in HT during ripening, with several
heatwaves, sometimes reaching values of around 40◦C in HT
berries, corresponding to 7–8◦C higher than the maximum
temperatures detected in LT berries (Figure 1B). Overall, HT
berries accumulated an additional 238 Degree Days (DD)
compared to LT berries (Table 2). The number of hours with
berry temperature exceeding 30◦C was four-fold greater in the
HT greenhouse, while berry temperature exceeding 35◦C was
registered only in the HT greenhouse (Table 2 and Figure 1B).
2http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92864
TABLE 2 | Average Berry Temperature, accumulated Degree Days (DDs), and
heatwaves hitting the berries (calculated as the number of hours with average
berry temperature > 30◦C and > 35◦C) under the two different growing regimes.
Treatment Average
berry
temperature
(◦C)
Accumulated
DDs
Average
berry
temperature
> 30◦C
Average
berry
temperature
> 35◦C
HT 26.5 850 392 157
LT 21.8 612 91 0
∗ ∗ ∗ ∗
Values represent means of ten replicates. LT = low temperature, HT = high
temperature. Asterisks indicate significant differences between HT and LT using
ANOVA (∗P < 0.05).
FIGURE 1 | Daily berry temperature trends. (A) Average and (B) minimum
(dashed line) and maximum (whole line) daily berry temperature (◦C) trends
under two temperature regimes. LT = low temperature = white symbol,
HT = high temperature = black symbol.
On the contrary, the minimum temperatures in HT and LT were
aligned (Figure 1B).
The LT thermal regime slightly delayed technological ripening
in berries, which showed a lower level of ◦Brix and pH and
higher values of titratable acidity compared to HT. However, at
harvest, the soluble solids reached comparable values in HT and
LT berries (Figure 2).
Until 10 days after veraison, there was no detectable difference
in total anthocyanin concentration between the two thermal
regimes (Figure 3A). Starting from 10 days after veraison,
total anthocyanin accumulation rate began to accelerate in the
skin of LT berries compared to HT. This different behavior
was maintained at harvest, when the concentration of total
anthocyanins in the skin of LT grapes was almost doubled
compared to HT (Figure 3A). The most abundant individual
anthocyanin in Sangiovese berry skin was malvidin-3-glucoside,
in both LT and HT treatments (Figure 3A). However, its
percentage was significantly lower in HT than LT (Figure 3A).
This decrease of malvidin-3-glucoside was counterbalanced in
HT by an increase in the percentage of petunidin-3-glucoside,
delfinidin-3-glucoside, and especially of cyanidin-3-glucoside,
albeit non-significant.
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FIGURE 2 | Trends of the main berry ripening parameters under different
temperature regimes. Trends of (A) soluble solids (◦Brix), (B) pH, and
(C) titratable acidity in grape berry samples grown under two different
temperature regimes. LT = low temperature = white symbol, HT = high
temperature = black symbol. Bars represent ± SE (n = 4). Asterisks indicate
significant differences between HT and LT at the same date using ANOVA
(∗P < 0.05).
The accumulation trend of flavonols was similar to that
of anthocyanins in both HT and LT. At harvest, flavonol
concentration in LT berry skin was thus three-times of that
found in HT berry skin (Figure 3B). The analyses of the single
flavonol compounds at harvest showed a higher quercetin and
lower myricetin percentage in LT berries compared to HT
(Figure 3B). Kaempferol was instead unaffected by different
growing temperature regimes (Figure 3B).
Berry skin tannins decreased during ripening without
significant differences between HT and LT in any developmental
stage analyzed. Likewise, regardless of thermal regime, the
percentage, measured at harvest, of the four individual flavan-
3-ol monomers catechin, epicatechin, epicatechin-gallate and
epigallocatechin did not differ between HT and LT berries,
epicatechin being the tannin compound present in the greatest
concentration in both treatments (Figure 3C).
Our results suggest a different effect of LT and HT thermal
regimes, to a less extent, on technological berry ripening and,
more strongly, on flavonoid increase, with the enhancement of
anthocyanin and flavonol accumulations under LT conditions.
The Effect of Temperature on Berry Skins
Whole Transcriptome
The transcriptome of Sangiovese berry skins under LT and
HT growing temperature regimes was assessed at five sampling
times (i.e., before the treatments (T0), at veraison (T1) and 10
(T2), 20 (T3) and 32 (T4) days after veraison). The dataset was
initially screened by Significance Analysis of Microarrays (SAM,
9 groups, FDR = 0.1%) to select genes that were differentially
modulated under our experimental conditions. Analysis of
Variance (ANOVA, 9 groups, α = 0.05, standard Bonferroni
correction) was applied to transcripts positive in the SAM in
order to retrieve the most significantly modulated transcripts
(6441 genes, Supplementary File 1).
To verify the uniformity of biological replicates and investigate
the transcriptomes of LT and HT berries, we performed a
PCA, obtaining a significant model (8 PCs, R2X = 0.941, Q2
(cum) = 0.848, Figure 4A). PC1 explained ∼60% of the total
dataset variability and mostly reflected differences among the
four sampling dates (Figure 4A and Supplementary Figure 2),
suggesting a slight delay in LT berry ripening at stages 3
and 4 in comparison to berries ripened under HT conditions.
PC2 accounted for 13.3% of the total variability and mainly
described differences between first and last sampling times,
and intermediate ones (Supplementary Figure 2). Notably, PC3,
explaining ∼8% of total dataset variability reflected differences
among T0, LT and HT samples (Figure 4A). Indeed, the
expression profiles of the first and last percentile PC3 loadings
showed more expression in LT and HT samples, respectively
(Figures 4B,C). The GO enrichment analysis revealed that
the positive PC3 loadings were significantly enriched in the
functional categories Cellular process, Biosynthetic process and
Secondary metabolic process (Figure 4E). In particular, the
first percentile PC3 loadings, more expressed in LT, comprised
several genes involved in the metabolism of phenylpropanoids
(5 Stilbene Synthase, STS, and 4 PAL), in the plant response
to abiotic and biotic stresses (several ascorbate oxidases and
glutaredoxines as well as many R proteins), in carbohydrate
metabolism (one alcohol dehydrogenase and one trehalose-6-
phosphate phosphatase). The transcript of ethylene response
factor VvERF075, which belongs to the AP2/ERF superfamily and
is usually upregulated in berry skin during ripening (Licausi et al.,
2010), was also found more abundant in LT. Furthermore, we
found among the positive PC loadings the transcription factor
VvNAC60 already described as a putative master regulator of the
transition between unripe and ripe red berries (Palumbo et al.,
2014).
No significant GO enrichment could be found in the
negative loadings of the PC3, more expressed under
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FIGURE 3 | Concentration trends and relative composition of the main flavonoid compounds at harvest. Total concentration trends (left panels) and relative
composition at harvest (right tables) of anthocyanins (A), flavonols (B), and skin tannins (C) in grape berry samples grown under two different temperature regimes.
LT = low temperature = white symbol, HT = high temperature = black symbol. Bars represent ± SE (n = 4). Asterisks indicate significant differences between HT and
LT at the same date using ANOVA (∗P < 0.05). ns, not significant.
HT regime (Figure 4D). The last percentile of the PC3
loadings showed higher level of transcript under HT
regime of several cell-wall related transcripts (including
two cellulose synthases, a pectinacetylesterase and a
xyloglucan endotransglucosylase/hydrolase), of regulatory
and structural genes involved in cytokinin metabolism (two
isopentenyltransferases) and in ethylene metabolism (the
1-aminocyclopropane-1-carboxylate oxidase), in protein
degradation and biosynthesis (including several proteases
and amino acid transporters) and in the metabolism of
carbohydrates and lipids (including an aldose 1-epimerase and
a desaturase). Two genes involved in flavonoid biosynthesis
and regulation, the dihydroflavonol-4-reductase and
the transcription factor VvMybPA1, previously reported
as a regulator of proanthocyanidin biosynthesis (Bogs
et al., 2007) were also more expressed in HT compared
to LT.
In summary, the comparison of berry skin transcriptomes
highlighted the effect of the temperature on gene expression
during fruit ripening. In particular, LT condition was
characterized by a higher expression of transcripts associated
with the metabolism of phenylpropanoids.
Gene Expression Profiles Inspection
Highlights a Strong Effect of
Temperature on Early Phenylpropanoid
Pathway
We focused on changes in expression profiles of genes scoring
an absolute value of fold change |FC| ≥ 2, identifying 2,257
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FIGURE 4 | Global gene expression trends in Sangiovese berries cultivated under two different temperature regimes. (A) Score scatterplot (PC3 vs. PC1) of the PCA
model [8 Principal Components, R2(cumulative) = 0.941, Q2(cumulative) = 0.848] applied to the significantly modulated transcripts dataset. (B,C) Expression profiles
of genes positively (right) and negatively (left) correlated to the third principal component were selected within the first (positive) and last (negative) percentile of the
third component loadings. Enriched GO terms for the genes negatively (D) and positively (E) correlated to the PC3. The network graphs show BiNGO visualizations
of the overrepresented GO terms. Categories in GoSlimPlants (Maere et al., 2005) were used to simplify this analysis. Colored nodes represent GO terms that are
significantly overrepresented (p < 0.05). T0 = plants before treatment, LT = low temperature, HT = high temperature. Sample names are composed by temperature
treatment abbreviation followed by the indication of the developmental stage (1, 2, 3, or 4), and by the description of the biological replicate (A–C). Gray, blue, and
purple indicate samples of control, LT-treated and HT-treated, respectively.
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annotated genes (Supplementary File 2). Differences in the
timing of activation/repression of the differentially expressed
genes during ripening in HT and LT was investigated in more
detail by applying the short time-series expression miner (STEM)
clustering method (Ernst et al., 2005) to the 2,257 identified genes
(Supplementary File 3). Figure 5 reports the most significant
results of the STEM approach. Some of the transcriptional
trends changes were also confirmed by Real Time qPCR analysis
(Supplementary Figure 3).
Notably, many PAL and STS genes resulted as much more
expressed in LT berry skins after veraison (Figure 5A), whereas
they showed a slower rate of activation in HT berry skins
(HT-2 → LT-10 in STEM analysis – Supplementary File 3),
corroborating the PCA results (Figure 4A). Interestingly, a
similar trend of expression was also detected for a proton-
dependent oligopeptide transporter (POT), which contains a
PTR2 domain that characterizes both nitrate and peptide
transporters (Widhalm et al., 2015).
We found transcripts showing a peak of expression
10 days after veraison in HT, while their expression
generally increased during the whole ripening period
in LT (Figure 5B; HT-23 → LT-22 in STEM analysis –
Supplementary File 3). Some genes involved in anthocyanin
biosynthesis and transport (VvUFGT and VvGST4) and other
phenylpropanoid/flavonoid related genes (one PAL, VvCHS3
and VvF3H1), were found to belong to this group, together
with transcripts involved in hormone metabolism, such as
one jasmonate O-methyltransferase and one gibberellin 20
oxidase, and with one gene that showed high homology
with a cold-induced wall associated kinase (Cao et al.,
2009).
We instead found that in HT berry skins, starting from 10 days
after veraison, there was an earlier activation (HT-22→ LT-14 in
STEM analysis – Supplementary File 3) of genes involved in the
biosynthesis of volatile aromas [the terpene synthases VvTPS25
and VvTPS26, (Martin et al., 2010)], in cell wall metabolism and
in DNA metabolism (Figure 5C). The same trend was shared by
one peroxidase transcript (peroxidase 50).
Several genes that were downregulated in both HT and LT
berries during ripening showed a different expression profile,
i.e., a rapid and progressive decrease of expression starting from
veraison in HT berries, and a much slower decrease in LT berries
(Figure 5D; HT-4→ LT-12 in STEM analysis – Supplementary
File 3). Cell wall-related transcripts, including genes linked to
chlorophyll degradation and response to biotic stresses showed
this trend. VvPrx31, a gene coding for a peroxidase putatively
associated with anthocyanin degradation (Movahed et al., 2016)
was also found in this group.
In order to point out the genes differentially expressed
between LT and HT, we decided to consider just genes with a
fluorescence expression threshold value ≥ 100 and transcripts
in which the |FC| between LT and HT was ≥ 2 in at least
one stage of development. By this approach, we obtained 417
differentially expressed genes (Supplementary File 4) that were
over-represented in the GO functional categories of Secondary
metabolic process, Generation of precursor metabolites and
energy, Response to biotic stimulus, and Biosynthetic process
(Supplementary Figure 4). These genes were grouped into five
different FC clusters by K-means clustering (KMC) analysis
highlighting the times with the greatest difference in gene
expression between LT and HT (Figure 6). At a glance,
the genes in each cluster showed a peak of expression at a
given stage in LT. In the other ripening stages, expression
of the same genes may be higher in HT, however, the FC
of the LT/HT ratio at the peaking stage was generally much
higher compared to the HT/LT values in the other stages.
The most represented cluster included genes with high FC
between LT and HT at 10 days after veraison (Figure 6B).
The remaining differentially expressed genes were almost
equally divided in the other four clusters (Figure 6). In
the first cluster (Figure 6A), collecting genes more promptly
activated by the LT regime at veraison (stage 1), we found
a glycerol-3-phosphate acyltransferase 3 (AtGPAT3) to be the
most differentially expressed gene (Supplementary File 4).
Furthermore, several ERF/AP2 transcription factors (Licausi
et al., 2010) were among the most differentially expressed
genes belonging to this cluster (Figure 6A and Supplementary
File 4). STSs were the most differentially expressed genes in
LT regime at 10 and 20 days after veraison (Figures 6B,C),
confirming the strong involvement of such genes in association
with LT regime, as previously observed with the STEM approach
(Figures 4C, 5A). In these clusters, we also found genes involved
in the response to biotic stimuli, such as wound induced
proteins, beta 1–3 glucanase, and pathogenesis-related proteins,
indicating a general activation of defense mechanisms under LT
conditions. The cluster in Figure 6D is characterized by high
FC in LT/HT 20 days after veraison (Supplementary File 4).
Interestingly, this cluster included three ABC transporters and
three isoforms of LRR receptor kinase CLAVATA1 (CLV1),
which seem to be able to confer resistance to various abiotic
stresses (Grzeskowiak et al., 2013). Lastly, several genes involved
in volatile compounds synthesis were present in the last
cluster, which groups genes showing a peak of expression in
LT at 32 days after veraison (Figure 6E and Supplementary
File 4). Two galactinol synthases, were also included in this
cluster.
Overall, using this FC clustering approach we were able
to validate expression of genes related to phenylpropanoid
biosynthesis identified by STEM analysis, but also to retrieve
other genes involved in the metabolism of volatile compounds,
lipids and hormones that showed high sensitivity to thermal
changes.
Temperature Affects the Activity of
Enzymes Involved in Anthocyanin
Metabolism
In LT treatment, growing temperatures positively impacted
on the anthocyanins accumulation compared to HT
(Figure 3A). However, such an accumulation was not fully
explained by differences in transcription of genes related
to phenylpropanoid/flavonoid metabolism. We therefore
evaluated the enzymatic activity of PAL, the key enzyme
of phenylpropanoid biosynthesis pathway (Zhang and Liu,
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FIGURE 5 | Growing temperature regime affects specific clusters of genes. Four selected significant profiles (<5% Bonferroni correction method) of the 2,257 genes
modulated in different growing temperature, from among 25 profiles obtained by STEM analysis. For each cluster, the average gene expression trend (top panels)
and heat map of all the genes’ expression profiles (bottom panels) are depicted. See Supplementary File 3 for the complete comparison profile table and clusters
numbering. (A) HT 2→ LT 10, (B) HT 23→ LT 22, (C) HT 22→ LT 14, (D) HT 4→ LT 12. T0 = plants before treatment, LT = low temperature, HT = high
temperature. Sample names are composed by temperature treatment abbreviation followed by the indication of the developmental stage (1, 2, 3 or 4). Data are the
average of the three biological replicates. Gray, blue, and purple indicate samples of control, LT-treated and HT-treated, respectively.
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FIGURE 6 | Clustering analysis of the most differently expressed genes between Low (LT) and High (HT) growing temperature regime. Heat maps of the Fold Change
(FC) of highly expressed (threshold value of raw fluorescence intensity ≥ 100) and modulated genes (|FC| ≥ 2) between LT and HT in at least one stage of
development. Five clusters (A–E) were obtained by applying a K-Means Clustering analysis (KMC, Pearson’s correlation distance). A schematic representation of the
general FC trend is depicted on top of each cluster heat map. Sample names are composed by temperature treatment abbreviation followed by the indication of the
developmental stage (1, 2, 3 or 4). Data are the average of the three biological replicates.
2015), of UFGT, which catalyzes the last step of anthocyanin
biosynthesis and is considered the key enzyme for this pathway
(Kobayashi et al., 2001), and of peroxidases, which are supposed
to degrade anthocyanins under elevated temperature growing
conditions (Mori et al., 2007; Movahed et al., 2016). PAL
activity gradually decreased in both temperature regimes
until 10 days after veraison and was steady thereafter in HT,
whereas it abruptly increased in LT, especially between 10
and 20 days after veraison. Afterward, high levels of PAL
activity still persisted in LT berries. Thus, from the end
of veraison to harvest, PAL activity under HT conditions
was significantly lower in berry skins in comparison to LT
(Figure 7A).
In order to elucidate a possible effect of the two thermal
regimes on the affinity of UFGT for delphinidin or cyanidin,
the enzymatic assay was performed twice using both substrates
(Figure 7B and Supplementary Figure 5). After an initial
fluctuating trend, in both cases the activity of UFGT showed an
increasing trend from 10 days after veraison to harvest in HT
and LT berries (Figure 7B and Supplementary Figure 5) and a
strong and significant reduction of UFGT activity was observed
in HT compared to LT from 20 days after veraison to harvest.
No differences were found in terms of higher or lower affinity of
the UFGT enzyme for delphinidin or cyanidin substrates as the
activity of the enzyme showed comparable values between the two
assays after veraison (Figure 7B and Supplementary Figure 5).
The peroxidase activity of HT and LT berry skin showed a similar
trend during ripening, with a significantly higher activity in HT
than LT berries from veraison to harvest (Figure 7C), supporting
a role of peroxidases in anthocyanins degradation under HT
conditions.
Overall, the enzymatic activity analyses indicated the presence
of a different balance between anthocyanin biosynthesis and
degradation under LT and HT thermal regimes due to an
increased action of PAL and UFGT enzymes in LT and of
peroxidases in HT.
DISCUSSION
Increased Temperature Accelerates
Sugar Accumulation and Acidity
Depletion during Ripening
The increasing temperature associated with climate change
is expected to modify air and land temperatures in most
vine growing regions, which will undergo a warming of 2
to 4◦C in the next decades (Hannah et al., 2013). Mild
to moderate temperature increases were shown to cause
phenological changes in grapevine, accelerating the vegetative
development and fruit maturation, ultimately affecting the
berry composition (Duchene and Schneider, 2005; Jones et al.,
2005). The two regimes analyzed in this study (LT and HT)
can be considered representative of the inter-seasonal thermal
variability occurring in recent years in the typical Sangiovese
growing area of north-central Italy (Filippetti et al., 2013;
Teslic´ et al., 2016), with a tendency toward the thermal level
of HT. The experiment design aimed to affect temperature
regimes, without modifying other environmental parameters.
The main differences between HT and LT regimes during pre-
veraison-to-harvest period were mainly associated to an increase
in maximum temperature under HT conditions. There was a
general acceleration of sugar accumulation and total acidity
reduction in the HT thermal regime. The effect of elevated
temperature on sugar accumulation may depend on the amount
of temperature variation as it has been reported that HTs (≥40◦C)
could impact on the photosynthetic supply of sugar to the
berry, causing a significant reduction in sugar accumulation
(Greer and Weston, 2010; Greer and Weedon, 2013). On the
contrary, the milder conditions of our experiment, in which
temperatures ≥ 40◦C were seldom recorded under HT regime,
led to an increased sugars accumulation, compared to LT,
in all developmental stages except at harvest time. Indeed, a
decrease in acidity and increase in pH associated with HT have
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FIGURE 7 | Activity of enzymes involved in anthocyanins biosynthesis,
phenylalanine ammonia-lyase (PAL, A) and UDP glucose:flavonoid
3-o-glucosyltransferase (UFGT, B), and putatively involved in anthocyanins
degradation (peroxidases, C) in grape berry samples grown under two
different temperature regimes. LT = low temperature = white symbol,
HT = high temperature = black symbol. Bars represent ± SE (n = 4). Asterisks
indicate significant differences between HT and LT at the same date using
ANOVA (∗P < 0.05).
been reported in other grape varieties (i.e., Shiraz, Chardonnay
and Cabernet Franc) grown under warm conditions (Sadras
and Moran, 2012; Bonada and Sadras, 2015). However, other
studies registered no effect of temperature increase on either
titratable acidity or pH, nor on both simultaneously (Sadras
and Moran, 2012; Greer and Weedon, 2013; Movahed et al.,
2016) corroborating a previous hypothesis that grape berry
acidity and pH depend on the interaction between cultivar
and the amount of temperature increase (Sadras and Moran,
2012).
Increased Temperature Negatively
Affects Anthocyanin and Flavonol
Concentrations
The influence of temperature on the flavonoid concentration
of grape berry has been extensively reviewed (Downey et al.,
2006; Teixeira et al., 2013). The biosynthesis of tannin and
flavonols is high at flowering and in the berry skin the
accumulation increases from fruit set until 1 to 2 weeks after
veraison (Kennedy and Jones, 2001; Downey et al., 2003;
Bogs et al., 2005). Anthocyanin accumulation, on the contrary,
starts from veraison and reaches its maximum in the latest
phases of fruit maturation, when their synthesis ceases (Boss
and Davies, 2001). In our study, no significant relationship
could be verified between temperature increase and total skin
tannin concentration in Sangiovese berries (Figure 3). These
results, in line with the findings by Cohen et al. (2012),
suggested that increasing temperature from veraison to harvest
has little impact on tannin accumulation, probably because these
compounds have already been synthesized. Furthermore, skin
tannins are the most stable flavonoids under diverse growing
conditions, due to their chemical structure which is widely
variable in size, ranging from dimers to polymers with more
than 40 units (Teixeira et al., 2013). This could cause less
susceptibility to potential degradative processes induced by
temperature.
The HT thermal regime induced a similar decrease in
the concentration of flavonols and anthocyanins (Figure 3).
Flavonols are very sensitive to changes in environmental
conditions. For example, sunlight is known to enhance flavonols
accumulation in berries (Downey et al., 2006), reflecting their role
as UV protectants (Spayd et al., 2002; Pastore et al., 2013). Since
we maintained the same light intensity and quality between the
two greenhouses, our data highlighted the strong temperature
effect on this class of compounds. The reduced accumulation
of anthocyanins in Sangiovese berries during ripening under
increased temperature has been already reported for various
genotypes in different conditions (Spayd et al., 2002; Mori et al.,
2005, 2007; Tarara et al., 2008; Movahed et al., 2016).
Anthocyanins and flavonols changed also their composition,
in berry skins. In particular, HT berries had a lower percentage
of the anthocyanin malvidin 3-G and the flavonol quercetin.
In grapevine, growing temperatures have been associated with
increased proportions of highly hydroxylated and methylated
anthocyanins (Mori et al., 2007; Tarara et al., 2008; Cohen
et al., 2012). Conversely, in a recent study an increase in the
degradation of petunidin and malvidin glucoside at elevated
temperatures was observed in Cabernet Sauvignon grapes
exposed to labeled phenylalanine (Chassy et al., 2015). The
relationship between berry temperature and flavonols profiles
has been less extensively studied. Consistently with our results,
a higher proportion of flavonols with di-hydroxylation, as
quercetin, was detected in Merlot berries when temperature
was reduced by approximately 8◦C in comparison with control
temperature (Cohen et al., 2008).
Overall, this evidence supports the high susceptibility of
anthocyanins and flavonols to air temperature, and the critical
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role of experimental conditions in this kind of assessment.
Accumulation of these classes of secondary compounds is
the result of complex and interconnected processes such as
synthesis, degradation, hydroxylation, methylation, acylation and
transport, thus it is not always possible to determine general
univocal relations.
Transcriptomic Analysis Highlights
Processes Affected by Temperature in
Berry Skin
We analyzed the entire transcriptome of the berry skin
in cv. Sangiovese during ripening exploiting a combination
of complementary statistical approaches to retrieve those
transcripts mostly associated with each of the two temperature
regimes. In particular, the PCA analysis suggested that,
beyond a slight transcriptional hastening of ripening in a few
developmental stages of HT samples, a clear rearrangement in
the skin transcriptome (∼8% total variability of the dataset)
can be ascribed to the imposition of different thermal regimes,
throughout the course of the experiment.
The inhibitory effects of HT on stilbene biosynthetic pathway
have already been described by Rienth et al. (2014) and in our
conditions many members of the STS and PAL gene families were
induced under LT regime suggesting a clear activation of stilbene
biosynthesis. A coordinated gene expression of PAL and STS was
observed in grape berry, suggesting that several enzymatic steps
in the stilbene biosynthetic pathway are co-regulated (Zenoni
et al., 2016).
Interestingly, several ERF transcription factors resulted as
promptly higher expressed under LT compared to HT regime,
whereas few were less expressed under LT regime, suggesting that
members of this family of transcription factors, known regulators
of thermotolerance in plants (Carbonell-Bejerano et al., 2013)
play a central role in the response to temperature variation
in grapevine berry skin as reported for Arabidopsis (Cheng
et al., 2013), Chickpea (Cicer arietinum) (Deokar et al., 2015)
and tomato (Severo et al., 2015). Moreover, the presence of
ACO1 and ACS among genes more expressed in LT suggests
that the ethylene signaling is required in the regulation of
the temperature-driven ripening processes of grapevine berries.
Another response observed under LT regime was associated to
the reaction toward environmental solicitations. This included
the glycerol-3-phosphate acyltransferases (GPAT) that catalyze
the acylation at sn-1 position of glycerol-3-phosphate to produce
lysophosphatidic acid (LPA), an important intermediate for
the formation of different types of acyl-lipids (Chen et al.,
2011) and two galactinol synthases, whose involvement in
multiple abiotic stresses responses (Zhuo et al., 2013) and in
particular in heat stress responses (Pillet et al., 2012) has been
reported.
Lastly, some genes involved in the biosynthesis of aromas,
such as linalool synthase, delta-cadinene synthase, vetispiradiene
synthase and a germacrene synthase, were found more expressed
under LT conditions. These results well corroborate previous
reports regarding the reduction in aromatic potential in
grapevine berries exposed to HT (Rienth et al., 2014).
Transcriptional and Post-transcriptional
Regulation of Genes Belonging to the
Phenylpropanoid/Flavonoid Pathway
The accumulation of flavonoids and anthocyanins in Sangiovese
berries skin was strongly affected by the two thermal regimes.
However, a clear correlation between the upregulation of
genes involved in anthocyanin and flavonol biosynthesis and
transport and the higher levels of these compounds under
LT conditions was not revealed. The slight difference of the
VvUFGT and VvGST4 expression profile in LT compared to
HT seems insufficient to support the significant difference
in anthocyanin accumulation. Similar results were obtained
by other authors reporting that mRNA accumulation of
anthocyanin biosynthetic genes was not reduced under HT
growing conditions (Mori et al., 2007; Carbonell-Bejerano et al.,
2013; Rienth et al., 2014). Moreover, the expression of VvMYBA1,
the transcription factor that activates VvUFGT and VvGST4
in grape berry skin, was not significantly affected by the
thermal regime, under our experimental conditions. A first
hypothesis to explain the strong differences observed in terms
of flavonoid accumulation between LT and HT, based on the
expression profiles of other genes involved in such metabolism,
suggests the involvement of the proanthocyanidin regulator
VvMybPA1 in the activation of an alternative branch under
HT regime, competing with anthocyanins pathway. Another
hypothesis arose from the high expression of several PAL
members in LT conditions, which could supply substrates to
both stilbenes and, presumably, flavonoid accumulation. An
additional possibility derives from the observation that the
enzymatic activities of PALs and VvUFGT were significantly
higher in LT thermal regime. This was consistent with
the transcriptomic data for PALs, whereas clearly discordant
with the VvUFGT expression profile. These enzymatic assays
clearly support the higher levels of anthocyanins and flavonols
observed in berry skins under LT conditions, and that a post-
transcriptional mechanism may be crucial in the regulation of
the late steps of anthocyanin biosynthesis. Recent researches
have revealed that post-translational mechanisms may play
significant roles in the regulation of phenylpropanoid/flavonoid
metabolic pathways. In Arabidopsis and apple (Malus domestica),
where MYB transcriptions factors are required for anthocyanin
accumulation and for the expression of structural genes in the
anthocyanin biosynthesis pathway, it has been demonstrated
that the repression of anthocyanin accumulation in darkness
requires an interaction between a proteasome protein complex
and MYBs (Li et al., 2012; Maier et al., 2013). Furthermore,
a post-translational regulation mediated by the ubiquitin/26S
proteasome system of the anthocyanin-related TRANSPARENT
TESTA 8 (TT8) transcription factor has been detected in
Arabidopsis (Patra et al., 2013). The possibility of a post-
transcriptional regulation of the enzymatic steps of the pathway
has also been described, showing that a multiple-level control
governs the enzymatic activity of PAL (Zhang et al., 2013; Zhang
and Liu, 2015).
The analysis of peroxidase activity revealed a significant
increase under HT conditions, supporting that this class of
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enzymes may trigger the temperature-dependent degradation of
anthocyanins (Mori et al., 2007). Our transcriptomic survey did
not reveal a significant increase in the gene expression of the
recently characterized VvPrx31 (Movahed et al., 2016) in HT
conditions compared to LT, suggesting that new peroxidases
isoforms (as peroxidase 50) may be involved in anthocyanins
degradation following increasing temperature.
Overall, it is possible to hypothesize that different
environmental conditions could influence anthocyanin
biosynthesis and degradation in grapevine through post-
transcriptional modifications of key structural genes of the
pathway, such as UFGT and peroxidases.
CONCLUSION
Our results provide valuable insights into the understanding of
the mechanisms that underlie Sangiovese berries response to
changes in growing temperatures that could be useful to identify
the most suitable areas for Sangiovese cultivation under current
climate change, given the great sensitivity of this cultivar to
the increasing temperature. Two thermal regimes characterized
by difference of 5◦C in average and 7◦C in maximum air
temperature, specifically affected berry ripening. The LT regime
delayed ripening in the early phases and had great impact on
grape phenolic composition and on the activity of some enzymes
involved in flavonoid biosynthesis, enhancing the accumulation
of anthocyanins and flavonols. Conversely, berries grown at
HT showed an increase in peroxidase activity, which could
concur to the reduced accumulation of flavonoids found in these
conditions. Transcriptional analyses identified the existence of a
strong effect of both thermal regimes on the whole transcriptome,
but the partial correlation between biochemical and molecular
data requires further research to elucidate the existence of post-
transcriptional and post-translational mechanisms involved in
the balance between biosynthesis and degradation of flavonoids
and in particular of anthocyanins.
AUTHOR CONTRIBUTIONS
CP performed the RNA extraction, contributed to the enzymatic
and HPLC analyses and wrote the manuscript. SDS conducted
the microarray experiments, interpreted the microarray data
and wrote the manuscript. SZ and GT designed the microarray
experiments and critically revised the manuscript. NM, GA, and
GV sampled the material and contributed to the enzymatic and
HPLC analysis. IF conceived and supervised the study, wrote and
critically revised the manuscript.
FUNDING
CP was granted by Alma Mater Studiorum – University of
Bologna research fellowship. SDS was financially supported
by the Italian Ministry of University and Research FIRB
RBFR13GHC5 project “The epigenomic plasticity of grapevine in
genotype per environment interactions.”
ACKNOWLEDGMENT
We thank Emilia Colucci for her help in setting up the
greenhouses.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00929/
full#supplementary-material
REFERENCES
Azuma, A., Yakushiji, H., Koshita, Y., and Kobayashi, S. (2012). Flavonoid
biosynthesis-related genes in grape skin are differentially regulated by
temperature and light conditions. Planta 236, 1067–1080. doi: 10.1007/s00425-
012-1650-x
Bergqvist, J., Dokoozlian, N., and Ebisuda, N. (2001). Sunlight exposure and
temperature effects on berry growth and composition of Cabernet Sauvignon
and Grenache in the central San Joaquin Valley of California. Am. J. Enol.
Viticult. 52, 1–7.
Bogs, J., Downey, M. O., Harvey, J. S., Ashton, A. R., Tanner, G. J., and Robinson,
S. P. (2005). Proanthocyanidin synthesis and expression of genes encoding
leucoanthocyanidin reductase and anthocyanidin reductase in developing grape
berries and grapevine leaves. Plant Physiol. 139, 652–663. doi: 10.1104/pp.105.
064238
Bogs, J., Jaffe, F. W., Takos, A. M., Walker, A. R., and Robinson, S. P. (2007).
The grapevine transcription factor VvMYBPA1 regulates proanthocyanidin
synthesis during fruit development. Plant Physiol. 143, 1347–1361. doi: 10.1104/
pp.106.093203
Bonada, M., and Sadras, V. O. (2015). Review: critical appraisal of methods to
investigate the effect of temperature on grapevine berry composition. Aust. J.
Grape Wine Res. 21, 1–17. doi: 10.1111/ajgw.12102
Boss, P. K., and Davies, C. (2001). “Molecular biology of sugar and anthocyanin
accumulation in grape berries,” in Molecular Biology and Biotechnology of
the Grapevine, ed. K. A. Roubelakis-Angelakis (Dordrecht: Kluwer Academic
Publishers), 1–33.
Cao, S. F., Hu, Z. C., and Wang, H. O. (2009). Effect of salicylic acid on the activities
of anti-oxidant enzymes and phenylalanine ammonia-lyase in cucumber fruit
in relation to chilling injury. J. Hort. Sci. Biotechnol. 84, 125–130. doi: 10.1080/
14620316.2009.11512492
Carbonell-Bejerano, P., Diago, M. P., Martinez-Abaigar, J., Martinez-Zapater, J. M.,
Tardaguila, J., and Nunez-Olivera, E. (2014). Solar ultraviolet radiation is
necessary to enhance grapevine fruit ripening transcriptional and phenolic
responses. BMC Plant Biol. 14:183. doi: 10.1186/1471-2229-14-183
Carbonell-Bejerano, P., Maria, E. S., Torres-Perez, R., Royo, C., Lijavetzky, D.,
Bravo, G., et al. (2013). Thermotolerance responses in ripening berries of Vitis
vinifera L. cv Muscat Hamburg. Plant Cell Physiol. 54, 1200–1216. doi: 10.1093/
pcp/pct071
Chassy, A. W., Bueschl, C., Lee, H., Lerno, L., Oberholster, A., Barile, D., et al.
(2015). Tracing flavonoid degradation in grapes by MS filtering with stable
isotopes. Food Chem. 166, 448–455. doi: 10.1016/j.foodchem.2014.06.002
Chen, X., Truksa, M., Snyder, C. L., El-Mezawy, A., Shah, S., and Weselake,
R. J. (2011). Three homologous genes encoding sn-Glycerol-3-phosphate
acyltransferase 4 exhibit different expression patterns and functional divergence
in Brassica napus. Plant Physiol. 155, 851–865. doi: 10.1104/pp.110.169482
Cheng, M. C., Liao, P. M., Kuo, W. W., and Lin, T. P. (2013). The Arabidopsis
ETHYLENE RESPONSE FACTOR1 regulates abiotic stress-responsive gene
expression by binding to different cis-acting elements in response to
Frontiers in Plant Science | www.frontiersin.org 14 June 2017 | Volume 8 | Article 929
fpls-08-00929 June 1, 2017 Time: 19:43 # 15
Pastore et al. Grape Response to Different Temperatures
different stress signals. Plant Physiol. 162, 1566–1582. doi: 10.1104/pp.113.
221911
Chisari, M., Barbagallo, R. N., and Spagna, G. (2007). Characterization of
polyphenol oxidase and peroxidase and influence on browning of cold stored
strawberry fruit. J. Agric. Food Chem. 55, 3469–3476. doi: 10.1021/jf063402k
Cohen, S. D., Tarara, J. M., Gambetta, G. A., Matthews, M. A., and Kennedy, J. A.
(2012). Impact of diurnal temperature variation on grape berry development,
proanthocyanidin accumulation, and the expression of flavonoid pathway
genes. J. Exp. Bot. 63, 2655–2665. doi: 10.1093/jxb/err449
Cohen, S. D., Tarara, J. M., and Kennedy, J. A. (2008). Assessing the impact
of temperature on the development and composition of grape berries (Vitis
vinifera L. cv. Merlot). Am. J. Enol. Vitic. 59:345a.
Cortell, J. M., and Kennedy, J. A. (2006). Effect of light exposure on accumulation
of flavonoids in Pinot noir fruit and extraction in a model system. Am. J. Enol.
Vitic. 57:382a.
Czemmel, S., Stracke, R., Weisshaar, B., Cordon, N., Harris, N. N., Walker,
A. R., et al. (2009). The grapevine R2R3-MYB transcription factor VvMYBF1
regulates flavonol synthesis in developing grape berries. Plant Physiol. 151,
1513–1530. doi: 10.1104/pp.109.142059
Dal Santo, S., Commisso, M., D’Inca, E., Anesi, A., Stocchero, M., Zenoni, S., et al.
(2016). The terroir concept interpreted through grape berry metabolomics and
transcriptomics. J. Vis. Exp. 116:e54410. doi: 10.3791/54410
Dal Santo, S., Tornielli, G. B., Zenoni, S., Fasoli, M., Farina, L., Anesi, A., et al.
(2013). The plasticity of the grapevine berry transcriptome. Genome Biol.
14, r54. doi: 10.1186/gb-2013-14-6-r54
Deokar, A. A., Kondawar, V., Kohli, D., Aslam, M., Jain, P. K., Karuppayil, S. M.,
et al. (2015). The CarERF genes in chickpea (Cicer arietinum L.) and the
identification of CarERF116 as abiotic stress responsive transcription factor.
Funct. Integr. Genom. 15, 27–46. doi: 10.1007/s10142-014-0399-7
Downey, M. O., Dokoozlian, N. K., and Krstic, M. P. (2006). Cultural practice
and environmental impacts on the flavonoid composition of grapes and wine: a
review of recent research. Am. J. Enol. Vitic. 57, 257–268.
Downey, M. O., Harvey, J. S., and Robinson, S. P. (2003). Analysis of tannins in
seeds and skins of Shiraz grapes throughout berry development. Aust. J. Grape
Wine Res. 9, 15–27. doi: 10.1111/j.1755-0238.2003.tb00228.x
Downey, M. O., Harvey, J. S., and Robinson, S. P. (2004). The effect of bunch
shading on berry development and flavonoid accumulation in Shiraz grapes.
Aust. J. Grape Wine Res. 10, 55–73.
Duchene, E., and Schneider, C. (2005). Grapevine and climatic changes: a glance at
the situation in Alsace. Agron. Sust. Dev. 25, 93–99. doi: 10.1051/agro:2004057
Ernst, J., Nau, G. J., and Bar-Joseph, Z. (2005). Clustering short time series gene
expression data. Bioinformatics 21, I159–I168. doi: 10.1093/bioinformatics/
bti1022
Filippetti, I., Allegro, G., Valentini, G., Pastore, C., Colucci, E., and Intrieri, C.
(2013). Influence of vigour on vine performance and berry composition of Cv.
Sangiovese (Vitis vinifera L.). J. Int. Des. Sci. Vigne Vin 47, 21–33.
Greer, D. H., and Weedon, M. M. (2013). The impact of high temperatures on Vitis
vinifera cv. Semi lion grapevine performance and berry ripening. Front. Plant
Sci. 4:491. doi: 10.3389/fpls.2013.00491
Greer, D. H., and Weston, C. (2010). Heat stress affects flowering, berry growth,
sugar accumulation and photosynthesis of Vitis vinifera cv. Semillon grapevines
grown in a controlled environment. Funct. Plant Biol. 37, 206–214. doi: 10.1071/
FP09209
Greer, D. H., Weston, C., and Weedon, M. (2010). Shoot architecture, growth and
development dynamics of Vitis vinifera cv. Semillon vines grown in an irrigated
vineyard with and without shade covering. Funct. Plant Biol. 37, 1061–1070.
doi: 10.1071/FP10101
Grzeskowiak, L., Costantini, L., Lorenzi, S., and Grando, M. S. (2013). Candidate
loci for phenology and fruitfulness contributing to the phenotypic variability
observed in grapevine. Theor. Appl. Genet. 126, 2763–2776. doi: 10.1007/
s00122-013-2170-1
Hannah, L., Roehrdanz, P. R., Ikegami, M., Shepard, A. V., Shaw, M. R., Tabor, G.,
et al. (2013). Climate change, wine, and conservation. Proc. Natl. Acad. Sci.
U.S.A. 110, 6907–6912. doi: 10.1073/pnas.1210127110
Jones, G. V., White, M. A., Cooper, O. R., and Storchmann, K. (2005). Climate
change and global wine quality.Clim. Change 73, 319–343. doi: 10.1007/s10584-
005-4704-2
Keller, M. (2010). Managing grapevines to optimise fruit development in a
challenging environment: a climate change primer for viticulturists. Aust. J.
Grape Wine Res. 16, 56–69. doi: 10.1111/j.1755-0238.2009.00077.x
Kennedy, J. A., and Jones, G. P. (2001). Analysis of proanthocyanidin cleavage
products following acid-catalysis in the presence of excess phloroglucinol.
J. Agric. Food Chem. 49, 1740–1746. doi: 10.1021/jf001030o
Kobayashi, S., Ishimaru, M., Ding, C. K., Yakushiji, H., and Goto, N. (2001).
Comparison of UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT) gene
sequences between white grapes (Vitis vinifera) and their sports with red skin.
Plant Sci. 160, 543–550.
Lecourieux, F., Kappel, C., Pieri, P., Charon, J., Pillet, J., Hilbert, G., et al. (2017).
Dissecting the biochemical and transcriptomic effects of a locally applied heat
treatment on developing cabernet sauvignon grape berries. Front. Plant Sci.
8:53. doi: 10.3389/Fpls.2017.00053
Li, Y. Y., Mao, K., Zhao, C., Zhao, X. Y., Zhang, H. L., Shu, H. R., et al. (2012).
MdCOP1 ubiquitin E3 ligases interact with MdMYB1 to regulate light-induced
anthocyanin biosynthesis and red fruit coloration in apple. Plant Physiol. 160,
1011–1022. doi: 10.1104/pp.112.199703
Licausi, F., Giorgi, F. M., Zenoni, S., Osti, F., Pezzotti, M., and Perata, P. (2010).
Genomic and transcriptomic analysis of the AP2/ERF superfamily in Vitis
vinifera. BMC Genomics 11:719. doi: 10.1186/1471-2164-11-719
Lorenz, D. H., Eichhorn, K. W., Bleiholder, H., Klose, R., Meier, U., and Weber, E.
(1995). Growth stages of the grapevine: phenological growth stages of the
grapevine (Vitis vinifera L. ssp. vinifera)—Codes and descriptions according to
the extended BBCH scale†. Aust. J. Grape Wine Res. 1, 100–103. doi: 10.1111/j.
1755-0238.1995.tb00085.x
Maere, S., Heymans, K., and Kuiper, M. (2005). BiNGO: a Cytoscape plugin to
assess overrepresentation of gene ontology categories in biological networks.
Bioinformatics 21, 3448–3449. doi: 10.1093/bioinformatics/bti551
Maier, A., Schrader, A., Kokkelink, L., Falke, C., Welter, B., Iniesto, E., et al.
(2013). Light and the E3 ubiquitin ligase COP1/SPA control the protein stability
of the MYB transcription factors PAP1 and PAP2 involved in anthocyanin
accumulation in Arabidopsis. Plant J. 74, 638–651. doi: 10.1111/tpj.12153
Martin, D. M., Aubourg, S., Schouwey, M. B., Daviet, L., Schalk, M., Toub, O.,
et al. (2010). Functional annotation, genome organization and phylogeny of
the grapevine (Vitis vinifera) terpene synthase gene family based on genome
assembly, FLcDNA cloning, and enzyme assays. BMC Plant Biol. 10:226.
doi: 10.1186/1471-2229-10-226
Mattivi, F., Guzzon, R., Vrhovsek, U., Stefanini, M., and Velasco, R. (2006).
Metabolite profiling of grape: flavonols and anthocyanins. J. Agric. Food Chem.
54, 7692–7702. doi: 10.1021/jf061538c
Mira de Orduña, R. (2010). Climate change associated effects on grape and wine
quality and production. Food Res. Int. 43, 1844–1855. doi: 10.1016/j.foodres.
2010.05.001
Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007). Loss
of anthocyanins in red-wine grape under high temperature. J. Exp. Bot. 58,
1935–1945. doi: 10.1093/jxb/erm055
Mori, K., Saito, H., Goto-Yamamoto, N., Kitayama, M., Kobayashi, S., Sugaya, S.,
et al. (2005). Effects of abscisic acid treatment and night temperatures on
anthocyanin composition in Pinot noir grapes. Vitis 44, 161–165.
Movahed, N., Pastore, C., Cellini, A., Allegro, G., Valentini, G., Zenoni, S., et al.
(2016). The grapevine VviPrx31 peroxidase as a candidate gene involved in
anthocyanin degradation in ripening berries under high temperature. J. Plant
Res. 129, 513–526. doi: 10.1007/s10265-016-0786-3
Palliotti, A., and Poni, S. (2016). “Grapevine under light and heat stresses,”
in Grapevine in a Changing Environment: A Molecular and Ecophysiological
Perspective, eds H. Gerós, M. M. Chaves, H. M. Gil, and S. Delrot (Chichester:
John Wiley & Sons, Ltd), 148–178. doi: 10.1002/9781118735985.ch7
Palumbo, M. C., Zenoni, S., Fasoli, M., Massonnet, M., Farina, L., Castiglione, F.,
et al. (2014). Integrated network analysis identifies fight-club nodes as a class of
hubs encompassing key putative switch genes that induce major transcriptome
reprogramming during grapevine development. Plant Cell 26, 4617–4635.
doi: 10.1105/tpc.114.133710
Pastore, C., Zenoni, S., Fasoli, M., Pezzotti, M., Tornielli, G. B., and Filippetti, I.
(2013). Selective defoliation affects plant growth, fruit transcriptional ripening
program and flavonoid metabolism in grapevine. BMC Plant Biol. 13:30.
doi: 10.1186/1471-2229-13-30
Frontiers in Plant Science | www.frontiersin.org 15 June 2017 | Volume 8 | Article 929
fpls-08-00929 June 1, 2017 Time: 19:43 # 16
Pastore et al. Grape Response to Different Temperatures
Pastore, C., Zenoni, S., Tornielli, G. B., Allegro, G., Dal Santo, S., Valentini, G.,
et al. (2011). 3Increasing the source/sink ratio in Vitis vinifera (cv Sangiovese)
induces extensive transcriptome reprogramming and modifies berry ripening.
BMC Genomics 12:63110. doi: 10.1186/1471-2164-12-631
Patra, B., Pattanaik, S., and Yuan, L. (2013). Ubiquitin protein ligase 3
mediates the proteasomal degradation of GLABROUS 3 and ENHANCER OF
GLABROUS 3, regulators of trichome development and flavonoid biosynthesis
in Arabidopsis. Plant J. 74, 435–447. doi: 10.1111/tpj.12132
Petrie, P. R., and Sadras, V. O. (2008). Advancement of grapevine maturity in
Australia between 1993 and 2006: putative causes, magnitude of trends and
viticultural consequences. Aust. J. Grape Wine Res. 14, 33–45. doi: 10.1111/j.
1755-0238.2008.00005.x
Pfaﬄ, M. W., Horgan, G. W., and Dempfle, L. (2002). Relative expression software
tool (REST (c)) for group-wise comparison and statistical analysis of relative
expression results in real-time PCR. Nucleic Acids Res. 30:e36. doi: 10.1093/nar/
30.9.e36
Pillet, J., Egert, A., Pieri, P., Lecourieux, F., Kappel, C., Charon, J., et al. (2012).
VvGOLS1 and VvHsfA2 are involved in the heat stress responses in grapevine
berries. Plant Cell Physiol. 53, 1776–1792. doi: 10.1093/pcp/pcs121
Ramakers, C., Ruijter, J. M., Deprez, R. H. L., and Moorman, A. F. M. (2003).
Assumption-free analysis of quantitative real-time polymerase chain reaction
(PCR) data. Neurosci. Lett. 339, 62–66. doi: 10.1016/S0304-3940(02)01423-4
Rienth, M., Torregrosa, L., Luchaire, N., Chatbanyong, R., Lecourieux, D., Kelly,
M. T., et al. (2014). Day and night heat stress trigger different transcriptomic
responses in green and ripening grapevine (Vitis vinifera) fruit. BMC Plant Biol.
14:108. doi: 10.1186/1471-2229-14-108
Rienth, M., Torregrosa, L., Sarah, G., Ardisson, M., Brillouet, J. M., and Romieu, C.
(2016). Temperature desynchronizes sugar and organic acid metabolism in
ripening grapevine fruits and remodels their transcriptome. BMC Plant Biol.
16:164. doi: 10.1186/S12870-016-0850-0
Sadras, V. O., and Denison, R. F. (2009). Do plant parts compete for resources? An
evolutionary viewpoint. New Phytol. 183, 565–574. doi: 10.1111/j.1469-8137.
2009.02848.x
Sadras, V. O., and Moran, M. A. (2012). Elevated temperature decouples
anthocyanins and sugars in berries of Shiraz and Cabernet Franc. Aust. J. Grape
Wine Res. 18, 115–122. doi: 10.1111/j.1755-0238.2012.00180.x
Sadras, V. O., Moran, M. A., and Bonada, M. (2013a). Effects of elevated
temperature in grapevine. I Berry sensory traits. Aust. J. Grape Wine Res. 19,
95–106. doi: 10.1111/ajgw.12007
Sadras, V. O., and Petrie, P. R. (2011). Quantifying the onset, rate and duration
of sugar accumulation in berries from commercial vineyards in contrasting
climates of Australia. Aust. J. Grape Wine Res. 17, 190–198. doi: 10.1111/j.1755-
0238.2011.00135.x
Sadras, V. O., Petrie, P. R., and Moran, M. A. (2013b). Effects of elevated
temperature in grapevine. II juice pH, titratable acidity and wine sensory
attributes. Aust. J. Grape Wine Res. 19, 107–115. doi: 10.1111/ajgw.12001
Severo, J., Tiecher, A., Pirrello, J., Regad, F., Latche, A., Pech, J. C., et al. (2015).
UV-C radiation modifies the ripening and accumulation of ethylene response
factor (ERF) transcripts in tomato fruit. Postharvest Biol. Technol. 102, 9–16.
doi: 10.1016/j.postharvbio.2015.02.001
Simon, P. (2003). Q-Gene: processing quantitative real-time RT–PCR data.
Bioinformatics 19, 1439–1440. doi: 10.1093/bioinformatics/btg157
Spayd, S. E., Tarara, J. M., Mee, D. L., and Ferguson, J. C. (2002). Separation of
sunlight and temperature effects on the composition of Vitis vinifera cv. Merlot
berries. Am. J. Enol. Vitic. 53, 171–182.
Tarara, J. M., Lee, J. M., Spayd, S. E., and Scagel, C. F. (2008). Berry temperature and
solar radiation alter acylation, proportion, and concentration of anthocyanin in
Merlot grapes. Am. J. Enol. Vitic. 59, 235–247.
Teixeira, A., Eiras-Dias, J., Castellarin, S. D., and Geros, H. (2013). Berry phenolics
of grapevine under challenging environments. Int. J. Mol. Sci. 14, 18711–18739.
doi: 10.3390/ijms140918711
Teslic´, N., Zinzani, G., Parpinello, G. P., and Versari, A. (2016). Climate change
trends, grape production, and potential alcohol concentration in wine from
the “Romagna Sangiovese” appellation area (Italy). Theor. Appl. Climatol. 1–11.
doi: 10.1007/s00704-016-2005-5
Ushimaru, T., Maki, Y., Sano, S., Koshiba, T., Asada, K., and Tsuji, H. (1997).
Induction of enzymes involved in the ascorbate-dependent antioxidative
system, namely, ascorbate peroxidase, monodehydroascorbate reductase and
dehydroascorbate reductase, after exposure to air of rice (Oriza sativa) seedling
germinate und water. Plant Cell Physiol. 38, 541–549.
Vaknin, H., Bar-Akiva, A., Ovadia, R., Nissim-Levi, A., Forer, I., Weiss, D.,
et al. (2005). Active anthocyanin degradation in Brunfelsia calycina (yesterday-
today-tomorrow) flowers. Planta 222, 19–26. doi: 10.1007/s00425-005-
1509-5
Widhalm, J. R., Gutensohn, M., Yoo, H., Adebesin, F., Qian, Y. C., Guo, L. Y., et al.
(2015). Identification of a plastidial phenylalanine exporter that influences flux
distribution through the phenylalanine biosynthetic network. Nat. Commun.
6:8142. doi: 10.1038/ncomms9142
Yamane, T., Jeong, S. T., Goto-Yamamoto, N., Koshita, Y., and Kobayashi, S. (2006).
Effects of temperature on anthocyanin biosynthesis in grape berry skins. Am. J.
Enol. Vitic. 57, 54–59.
Zenoni, S., Fasoli, M., Guzzo, F., Dal Santo, S., Amato, A., Anesi, A., et al. (2016).
Disclosing the molecular basis of the postharvest life of berry in different
grapevine genotypes. Plant Physiol. 172, 1821–1843. doi: 10.1104/pp.16.00865
Zhang, X. B., Gou, M. Y., and Liu, C. J. (2013). Arabidopsis kelch repeat F-box
proteins regulate phenylpropanoid biosynthesis via controlling the turnover of
phenylalanine ammonia-lyase. Plant Cell 25, 4994–5010. doi: 10.1105/tpc.113.
119644
Zhang, X. B., and Liu, C. J. (2015). Multifaceted regulations of gateway enzyme
phenylalanine ammonia-lyase in the biosynthesis of phenylpropanoids. Mol.
Plant 8, 17–27. doi: 10.1016/j.molp.2014.11.001
Zhang, Z. Q., Pang, X. Q., Duan, X. W., Ji, Z. L., and Jiang, Y. M. (2005). Role of
peroxidase in anthocyanin degradation in litchi fruit pericarp. Food Chem. 90,
47–52. doi: 10.1016/j.foodchem.2004.03.023
Zhuo, C. L., Wang, T., Lu, S. Y., Zhao, Y. Q., Li, X. G., and Guo, Z. F. (2013).
A cold responsive galactinol synthase gene from Medicago falcata (MfGolS1)
is induced by myo-inositol and confers multiple tolerances to abiotic stresses.
Physiol. Plant. 149, 67–78. doi: 10.1111/ppl.12019
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Pastore, Dal Santo, Zenoni, Movahed, Allegro, Valentini,
Filippetti and Tornielli. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 16 June 2017 | Volume 8 | Article 929
